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References cited 41 centimetre ( Activities engaged in during the visit included:
(1) Review of pertinent reports on the geology and (or) the ground-water resources of Qatar.
(2) Review of selected data in the files of the Integrated Water and Land Use Project.
(3) Discussions with personnel of the Integrated
Water and Land Use Project and of the Water Department on ground-water conditions and water-supply problems.
(4) Aerial reconnaissance of Qatar by helicopter.
(5) Study of formation outcrops.
(6) Measurement of water levels, water temperatures, and water salinity at six locations.
(7) Aquifer tests at two locations. depressions. An evaluation of precipitation and ground-water recharge was made by J. G. Pike, I. Harhash, and B. A. P. Gemmell (1975) . Thickness of the fresh ground-water reservoir was delineated through an electrical resistivity survey done by Geotest (1976). Lastly, D. H. Parker and J. G. Pike (1976) reviewed the ground-water resources in Qatar and evaluated their potential for development, with emphasis on a plan the recharge the ground-v:ater reservoir in northern Qatar artificially.
Geology
The Qatar peninsula is underlain by a flat-lying to gently dipping sequence of sediments that was deposited upon gradually subsiding basement rocks. The major structure of the peninsula is that of a broad, north-south trending anticline that plunges to the north and south and that has a surface expression of a broad shallow dome. "Dips on the flanks and north plunge are on the order of one half to two metres per kilometre. The south plunge in less clearly defined," (Sugden and Standring, 1975, p. 18 Shallow ground water in southern Qatar generally has a higher total dissolved solids concentration than that in the north, although there are small isolated areas of water containing less than 2 000 mg/L concentration. Evaporite beds are reported to be more prominent in central and southern Qatar (FAO, 1974, p. 10) . Apparently there has been less dissolution of these beds there and, consequently, less secondary permeability has developed.
In the southwestern corner of Qatar, near Abu Samra, the Abarug Member of the Dannam Formation contains water under sufficient confined head to rise several metres above land surface. This water has a specific conductance ranging between 3 000 and 4 000 pmhos per cm at the new government sheep farm but elsewhere in the southwest region the specific conductance has been reported to range from 4 300 to 16 500 umhos per cm.
Results of deep drilling at several locations from extreme north to extreme south Qatar indicate that there is little likelihood of encountering freshwater at depth in formations that in Saudi Arabia and Bahrain contain usable water. Reported specific conductances of water from the Umin er Radhurna Formation and the Uasia Group range from 24 000 to 100 000 jjmho/cm.
Status of Ground-Water Supply
All of the fresh ground water in Qatar originates from local rainfall, except for the confined slightly brackish water near Abu Saiara which is believed to have its source to the west in Saudi Arabia. Mean annual rainfall at Doha for 17 years of record was 60.4 am and the range recorded was from a minimum of 2.0 mm to a maximum of 190.7 mm (Pike and others, 1975, p. 6 ).
The greater part of the annual recharge results from infiltration of runoff that collects in surface depressions, commonly from stems of more than 10 mm precipitation. Such stcfrms have a 90 percent probability of occurring at least once each winter and a 50 percent probability of occurring twice (Pike and others, 1975, p. 12) . Recharge to ground water is estimated to be 7 to 10 percent of annual rainfall in northern Qatar and 3.5 to 5 percent 6 3 in southern Qatar. Annually this amounts to 20.9 x 10 m of 6 3 which 17 x 10 m occurs in northern Qatar (Parker and Pike, 1976, p. 14).
According to D. H. Parker and J. G. Pike (1976, p. 14) , for the period 1972-75, the major part of the withdrawal from the ground-water reservoir was for agriculture, estimated to be 6 3 f-3 28.7 x 10 m per year, of which 26.6 x 10 in was from the principal aquifer in the north. An additional 4.6 x 10 m per year was extracted for dor.estic-industrial use, all from the north, Continual depletion of storage in the northern area has caused and will continue to cause the freshwater lens there to shrink in size both laterally and vertically. Ground-water levels declined an average of 0.11 metre per year during 1972-75 (Parker and Pike, 1976, p. 15) . The total dissolved-solids concentration of the ground water increased an average of 22 percent during this period (Parker and Pike, 1976, p. 15 ).
Saltwater apparently is encroaching on the domain of the freshwater laterally frora the sea and vertically from the deeper-lying formations. If extractions continue, and especially if their rate exceeds the rate of recharge, further deterioration in water quality will result. Any increase in the rate of extraction from the freshwater lens in the north will accelerate the depletion of storage and aggravate the increases in salinity to the point where much of the ground water will become unusable for either agricultural or domestic purposes.
Predictions of the life of the freshwater lens at various given rates of overdraft cannot be made reliably with the data available. Little is known, except in a general way, about the change in salinity with depth. Also, the specific yield of the limestone aquifer has not been reliably determined. It has been estimated to be 2 percent but recently acquired aquifer test data (tables 2 & 3) suggest that the specific yield could be much smaller than 2 percent. If the specific yield were only 1 percent, 6 3 the estimated 3 500 x 10 in of freshwater contained in the lens (Parker and Pike, 1976, p. 16) would be reduced by half and, correspondingly, the estimated life of the resource would also be halved.
Potential for Artificial Recharge in Northern Qatar
Large additional extractions from the ground-water reservoir in northern Qatar cannot be made over an extended period of time without causing severe deterioration in the quality of ground water. As indicated previously, current extractions already exceed the average annual rate of replenishment. Some deterioration in quality of ground water has already been observed, particularly in the coastal areas in the north and east sides of the peninsula. At least one extended recharge test should be made to demonstrate the aquifer f s capability to accept water injected continuously for a 1-to 3-month period. Ground .water from existing wells could be used for the recharge test in lieu of a desalinated water supply. It should be noted that desalinated water might react differently with the aquifer than would water recirculated from existing wells, although it is unlikely that the difference, if any, would be great in the limestone aquifer.
The water should be injected into-one of the test holes on which a pumping test was made.
Costs for making the hydrogeological appraisal are estimated The only likely sources of fresh water in addition to the dwindling ground-water supply are desalted seawater and renovated wastewater.
The potential of the desalted seavater supply is constrained mainly by economic considerations, that is, capital costs and operation and maintenance costs which include cost of energy, chemicals, repairs, and manpower.
On the other hand the potential of the renovated waste-water supply depends mainly on the growth of the domestic-industrial demand for water in urban areas. According to studies reported by D. H. Parker and J. G. Pike (1976, p. 17-19) , the domesticindustrial demand in Doha and Umm Said is projected to be as follows: The amount of renovated wastewater that could be made available by 1984 to help support agricultural development 6 3 equals the 29 x 10 m /yr of ground water currently consumed for agriculture. By 1994, 1.7 times the currently consumed amount would be available. The cost of reclaiming water from sewage is generally considered to be less than the cost of desalting sea water. Treated sewage would be suitable for irrigation of many types of crops, and, in fact, because of the nutrients contained in treated sewage, its use could be preferred to other sources.
Therefore, a thorough engineering analysis of the practicality of integrating renovated waste water into a total water-management plan should be made. Highly treated wastewater could be used directly for irrigation or used as part of the supply to be artificially recharged to the ground-water reservoir.
Another aspect of the total water-management plan that should be examined is the phasing out of the pumpage from well fields in northern Qatar that is used, blended with distilled water, to supply the domestic-industrial needs of Doha. Those well fields could then be utilized, in part at least, as artificial recharge sites.
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implementing artificial recharge at a scale of 60 x 10 m /yr would be that of supplying either entirely or partly the needs of larger farms and closely clustered smaller farms directly with desalted sea water from one or two distillation plants.
Areal irrigation demand varies little seasonally in Qatar, but varies greatly diurnally and from day to day. A distillation plant or a sewage treatment plant would operate under comparatively steady daily output. Therefore, storage is required to even out the fluctuation demands of irrigation.
The ground-water reservoir could be used as the storage facility by recharging it with desalinated sea water at times when direct use of irrigation was less than the supply capacity of the system. Wells used for recharge could be used also for extraction of the injected desalinated water at times when irrigation demand exceeded the supply capacity of the surface distribution system. For example, water is applied to the farmed fields in Qatar only during daylight hours, or approximately half a day.
Hence, the rate of application needs to be twice the actual daily crop requirement. If the desalination plant(s) and distribution system were sized according to the average daily w"ater requirement and operated continuously, the ground-water reservoir could be recharged with desalinated water delivered during the night.
During the day, the desalinated water that was injected at night would be recovered and used to supplement the rate at which the desalinated water from the distribution system was being delivered directly to the irrigated fields. Various modifications of this concept of dual use of wells could be developed to suit specific situations so as to make optimum use of existing extraction wells. 
